. TRPV4 initiates the acute calcium-dependent permeability increase during ventilator-induced lung injury in isolated mouse lungs. Am J Physiol Lung Cell Mol Physiol 293: L923-L932, 2007. First published July 27, 2007; doi:10.1152/ajplung.00221.2007.-We have previously implicated calcium entry through stretch-activated cation channels in initiating the acute pulmonary vascular permeability increase in response to high peak inflation pressure (PIP) ventilation. However, the molecular identity of the channel is not known. We hypothesized that the transient receptor potential vanilloid-4 (TRPV4) channel may initiate this acute permeability increase because endothelial calcium entry through TRPV4 channels occurs in response to hypotonic mechanical stress, heat, and P-450 epoxygenase metabolites of arachidonic acid. Therefore, permeability was assessed by measuring the filtration coefficient (K f) in isolated perfused lungs of C57BL/6 mice after 30-min ventilation periods of 9, 25, and 35 cmH2O PIP at both 35°C and 40°C. Ventilation with 35 cmH2O PIP increased Kf by 2.2-fold at 35°C and 3.3-fold at 40°C compared with baseline, but Kf increased significantly with time at 40°C with 9 cmH2O PIP. Pretreatment with inhibitors of TRPV4 (ruthenium red), arachidonic acid production (methanandamide), or P-450 epoxygenases (miconazole) prevented the increases in Kf. In TRPV4 Ϫ/Ϫ knockout mice, the high PIP ventilation protocol did not increase Kf at either temperature. We have also found that lung distention caused Ca 2ϩ entry in isolated mouse lungs, as measured by ratiometric fluorescence microscopy, which was absent in TRPV4 Ϫ/Ϫ and ruthenium red-treated lungs. Alveolar and perivascular edema was significantly reduced in TRPV4 Ϫ/Ϫ lungs. We conclude that rapid calcium entry through TRPV4 channels is a major determinant of the acute vascular permeability increase in lungs following high PIP ventilation. pulmonary edema; P-450 epoxygenases; stretch-activated cation channel; vascular permeability; Ca 2ϩ channels; epoxyeicosatrienoic acids; temperature ACUTE LUNG INJURY (ALI) and the acute respiratory distress syndrome (ARDS) are life-threatening conditions caused by a variety of pathologic processes and affect over 200,000 patients in the United States each year (41). Although positive pressure mechanical ventilation is a life-saving intervention in the setting of ARDS and ALI, clinical trials have demonstrated that mechanical ventilation with excessive tidal volumes actually contributes to lung injury and increases mortality (6). Although clinicians and researchers have been interested in ventilator-induced lung injury (VILI) for decades, the molecular mechanisms driving this process remain incompletely understood (7, 8, 27, 48) .
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Many previous investigators have reported that high airway pressures and lung volumes can increase pulmonary endothelial and epithelial permeability (7, 8, 27 ). An altered ion channel activity occurs within seconds in response to mechanical stress, and an increase in intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) is a necessary component for the increased vascular permeability associated with numerous types of insult (4, 18, 19, 30) . Parker et al. (28) proposed that stretch-activated cation channels might initiate the increase in permeability induced by mechanical ventilation through increases in [Ca 2ϩ ] i , because gadolinium, which blocks stretch-activated nonselective cation channels, prevented the increases in vascular permeability induced by high airway pressure ventilation in isolated rat lungs. Although the molecular identity of these stretch-activated cation channels has not been established, recent evidence suggests that these mechanogated channels may belong to the transient receptor potential vanilloid (TRPV) family of channel proteins.
TRPV4 is a Ca 2ϩ -permeable cation channel gated by a diverse range of stimuli. TRPV4 was initially identified as a channel activated by membrane stretch induced by osmotic stimuli (14) . Further study demonstrated that TRPV4 is also activated by heat (11, 43) , mechanical stimuli (23) , the synthetic phorbol ester 4␣-phorbol 12,13-didecanoate (4␣-PDD) (3, 43) , cytochrome P-450 epoxygenase-dependent formation of epoxyeicosatrienoic acids (EETs) from arachidonic acid (3, 44, 45) , and bisandrographolide A (BAA), a compound from Andrographis paniculata, a plant used in traditional medicine in many regions of Asia (34) . TRPV4 is expressed in a broad range of tissues, including lung, spleen, kidney, testis, fat, brain, cochlea, skin, smooth muscle, liver, and vascular endothelium (13, 22, 40) .
In the present study, we tested the hypothesis that TRPV4 initiates the increase in endothelial permeability as measured by the filtration coefficient (K f ) in isolated mouse lungs in response to ventilation with high peak inflation pressures (PIP). The role of TRPV4 was investigated using a TRPV channel inhibitor and TRPV4 knockout mice as well as inhibitors of known arachidonic acid-derived gating compounds over a range of temperatures. We also tested whether alveolar distention caused a [Ca 2ϩ ] i increase in isolated mouse lungs in the presence or absence of TRPV4 activity using fluorescence microscopy.
METHODS
All experimental protocols were approved by the Institutional Animal Care and Use Committee of the University of South Alabama College of Medicine. Anesthetized mice were euthanized by exsanguination at the time of heart and lung removal.
Isolated lung preparation. C57BL/6 male mice (Charles River Laboratory), weighing 19.6 -32.0 g (24.1 Ϯ 0.3 g), were anesthetized with an intraperitoneal injection of pentobarbital sodium (100 mg/kg). The trachea was cannulated, and the mice were ventilated with a gas mixture of 20% O 2-5% CO2-75% N2 by use of a Harvard rodent ventilator (model no. 683; Harvard, South Natick, MA). The tidal volume was adjusted to obtain a PIP of ϳ9 cmH2O at a respiratory rate of 40 breaths/min, with a positive end-expiratory pressure (PEEP) of ϳ2.5 cmH2O. The chest was opened, 100 IU of heparin sodium was injected into the right ventricle, and a suture was placed around the pulmonary artery with aorta. Cannulas (0.86 mm internal diameter, 1.27 mm outside diameter) were placed in the pulmonary artery and left atrium, and lung and heart were excised en bloc and suspended from a balance beam attached to a force transducer (model FT03 C; Grass, Quincy, MA). The initial 1-2 ml of perfusate, which contained residual blood cells and plasma, were discarded and not recirculated. All lungs were perfused with 1% bovine serum albumin-3% clinical grade dextran in Earle's buffer salt solution by using a roller pump (Minipuls2; Gilson, Middleton, WI) at a constant flow rate of 0.75 ml/min in a recirculating system that had a system volume of 10 ml. The venous outflow was collected in a reservoir, the height of which could be adjusted to increase venous pressure. Pulmonary arterial pressure (Ppa) and pulmonary venous pressure (Ppv) were zeroed at the midlung level, and airway pressure (Paw) was measured by using Cobe pressure transducer (Lakewood, CO); pressures and lung weight were continuously recorded on a Grass model 7D polygraph (20) .
Filtration coefficient. After 30 min, an isogravimetric state was attained; Ppv was increased by 6 cmH2O for 20 min, and the change in capillary pressure (Ppc) was determined by double occlusion before and after the Ppv increase. Kf (in ml ⅐ min Ϫ1 ⅐ cmH2O Ϫ1 ⅐ 100 g Ϫ1 ) was calculated as the rate of lung weight gain between 18 and 20 min divided by the change in Ppc. All Kf values were normalized to 100 g predicted lung weight (PLW) on the basis of the ratio of lung weight to body weight (BW) according to PLW ϭ (0.00452 Ϯ 0.0003) BW (26) .
Experimental protocols. The lungs were ventilated with 9 cmH2O PIP throughout the experiment (low PIP) or 25 and 35 cmH2O (high PIP) with PEEP of ϳ2.5 cmH2O at 40 breaths/min. Perfused buffer was preheated to target temperature at 30, 35, or 40°C before the experiments were started, and the lungs were also directly heated with a surrounding water flow container that was connected to the water bath. The lungs were randomly allocated to one of the following protocols: low PIP/30°C, high PIP/30°C, low PIP/35°C, high PIP/ 35°C, low PIP/40°C, high PIP/40°C. The time course of airway and venous pressure increases in the high PIP group is shown in Fig. 1 . Kf was measured at 30, 80, and 130 min. The target temperatures were obtained by direct measurement of the perfusate at the end of the experiments. We also measured the temperature during the experiment by using a type K thermometer (Extech Instruments, Wartham, MA) probe inserted into the mouse right ventricle.
Lung wet-to-dry weight ratios. After the measurement of final Kf, the lung was harvested, wet weight was determined, and samples were desiccated at 80°C for 1 wk before the dry weight was determined; the ratio of wet to dry weight was calculated as the wet-to-dry lung weight ratio (W/D ratio).
Inhibition of TRPV4 activation. Kf and W/D ratio measurement were performed in low PIP/35°C, high PIP/35°C, low PIP/40°C, and high PIP/40°C protocols, with the same time course as described above. The following inhibiting drugs were added as a bolus to the venous reservoir of the perfusion system 20 min before the first Kf measurement: 20 M ruthenium red, a TRPV channel inhibitor; 10 M methanandamide, an arachidonic acid antagonist; and 10 M miconazole, a P-450 epoxygenase inhibitor.
Ratiometric fluorescence microscopy. We used an intravital microscopy technique to observe and image endothelial cells in the isolated mouse lung (36) . Wild-type (TRPV4 ϩ/ϩ ) and TRPV4 knockout (TRPV4 Ϫ/Ϫ ) mice were ventilated with a Minivent mouse ventilator (Hugo Sachs Elektronik-Harvard Apparatus); lung and heart were isolated and perfused with Earle's buffer containing 1% albumin and 3% dextran by use of a roller pump (Reglo Digital, Compact cassette pump, Ismatec). Lungs were loaded with fluo-4 (3 M) and fura red (5 M) for 25 min and subsequently perfused with dye-free perfusate for 20 min to wash out intravascular dye to reduce background fluorescence. The perfusate was discarded and not recirculated during this period. Then the lung was placed onto the coverslip window at the bottom of the chamber with the posterior surface of the lung gently touching the coverslip. The chamber with an isolated mouse lung was placed on the stage of an epifluorescence microscope fitted with a ϫ20 objective. Excitation of the lung surface was accomplished with a 120-W metal halide lamp (E-cite 120; Exfo Photonics Solutions, Mississauga, ON, Canada), and appropriate filter settings as follows: for fluo-4, 494-nm excitation, 516-nm emission; for fura red, 472-nm excitation, 646-nm emission. An inverted Nikon TE-2000 fluorescence microscope, automated 10-position filter wheels for both excitation and emission (Sutter Instruments, Lambda 10-2), automated dichroic filter cube changer (Nikon), xy-axis automated stage (Prior Scientific,), z-axis motor (Prior), a high-resolution 12-bit C4742-95-12ERG IEEE 1394 digital CCD camera (Hamamatsu), and MetaMorph image acquisition, processing, and analysis software were used for high-resolution digital imaging. A high-quality GFP filter set (Chroma Technology, Brattleboro, VT) was used. Images of fluo-4-and fura red-stained vascular endothelial cells were sequentially acquired every 15 s, and inflation pressure was increased to 15, 25, and 35 cmH 2O over 1-min periods. Ventilation was suspended during the period of data acquisition. Ca 2ϩ intensity was measured with MetaMorph imaging software (Universal Imaging, West Chester, PA), and fluo-4/fura red fluorescence intensity ratio was calculated. Three groups were included in this experiment: TRPV4 ϩ/ϩ mice, ruthenium red-treated TRPV4 ϩ/ϩ mice, and TRPV4 Ϫ/Ϫ mice; 20 M ruthenium red was added to the perfusate after loading of fluorescence dyes.
Microscopic assessment of edema distribution. Light microscopy was used to evaluate edema distribution in glutaraldehyde-fixed lungs (2, 3) in high PIP/40°C and low PIP/30°C protocols, both wild-type and TRPV4
Ϫ/Ϫ mice, after the experimental time course described in Fig. 1 . Using 1-m semithin sections, extra-alveolar vessel cuffing and alveolar flooding were evaluated. Cuff frequency and the edema cuff volume (V c) fraction of total wall volume (Vc/Vw) were deter- http://ajplung.physiology.org/ mined, the latter using a point-counting strategy. Point counting was used to determine the alveolar fluid volume (V af) fraction in the alveolar space (Vaf/Vas). Means for cuff frequency, cuff edema volume fractions, and alveolar fluid volume fractions were determined separately for each lung and overall descriptive statistics derived for each group.
Drugs. Methanandamide was obtained from Calbiochem. Fluo-4 AM and fura red AM were obtained from Invitrogen (Eugene, OR). All other drugs were obtained from Sigma (St. Louis, MO). Ruthenium red was dissolved in H 2O and stored at room temperature. Methanandamide was dissolved in DMSO, aliquoted, and stored at Ϫ70°C. Miconazole was dissolved in DMSO and stored at room temperature. Fluo-4 AM and fura red were dissolved in DMSO before use.
TRPV4 tyrosine phosphorylation. Tyrosine phosphorylation of TRPV4 was measured in lung homogenate by immunoprecipitation using anti-tyrosine phosphate antibody on agarose beads followed by immunoblots using an anti-TRPV4 antibody. An immunoprecipitation with antibodies in the reverse order was also performed. After isolated lung experiments, the right lung was frozen in liquid nitrogen (20) and stored at Ϫ70°C until analysis. For protein extraction, tissue samples were minced and sonicated, cells were lysed in ice-cold buffer at 4°C for 1 h, pH 7.4 (in mM: 50 HEPES, 5 EDTA, 100 NaCl), 1% Triton X-100, protease inhibitors (10 g/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride, 10 g/ml leupeptin), and phosphatase inhibitors (in mM: 50 sodium fluoride, 1 sodium orthovanadate, 10 sodium pyrophosphate, 0.001 microcystin). Solubilized proteins were isolated using centrifugation (27,000 g for 15 min), and protein concentrations of the supernatant were determined using the Bradford assay. For Western analysis, samples were boiled in 1ϫ SDS buffer, separated using SDS-PAGE, and subsequently transferred to nitrocellulose membranes. Membranes were blocked at room temperature for 1 h in TBS containing 5% milk and 0.1% Tween 20. Following incubation with primary and secondary antibodies, proteins were detected by enhanced chemiluminescence. For immunoprecipitation, cell lysates were incubated with anti-TRPV4 antibodies, and the immunocomplexes were collected with either A or G Plus-agarose beads for 3 h at 4°C. Following a rinsing, samples were boiled in 1ϫ SDS buffer before Western blotting procedures. Western blot analysis was then performed using an anti-phosphotyrosine antibody. Band intensity was quantified using Sigmagel software.
A goat anti-TRPV4 polyclonal antibody from Alomone was used for immunoprecipitation, and a polyclonal rabbit anti-phosphotyrosine antibody was obtained from Upstate Biotechnology (Lake Placid, NY). Protein A Plus-agarose, and protein G Plus-agarose were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Statistical analysis. All values are expressed as means Ϯ SE. A two-way analysis of variance (ANOVA) with repeated measures followed by a Student-Newman-Keuls post-test was used. Significant differences were determined where P Ͻ 0.05.
RESULTS
K f and edema responses to temperature and airway pressure. To investigate the response to high PIP ventilation and temperature in isolated perfused mouse lungs, we measured K f and W/D ratio at different perfusate temperatures and PIP. Mean perfusate temperatures entering the lung were 30.0 Ϯ 0.05, 35.0 Ϯ 0.06, and 39.7 Ϯ 0.08°C for the 30, 35, and 40°C groups, respectively. However, mean perfusate temperatures exiting the lung at the left ventricle were 32.5 Ϯ 0.1 and 36.4 Ϯ 0.1°C in 35 and 40°C groups, respectively. The K f was unchanged at 30 and 35°C during the low PIP ventilation protocols ( Fig. 2A) , but K f increased significantly to 2.3-fold of baseline after 35 cmH 2 O PIP ventilation at 35°C (Fig. 2B) . In contrast, the K f was significantly increased at 40°C in both the low and high PIP ventilation protocols. In the low PIP group at 40°C, there was a trend toward an increase in mean baseline K f , but K f was significantly increased at 130 min by 3.4-fold compared with the 35°C baseline K f ( Fig. 2A) . In the high PIP group ventilated at 40°C, mean baseline K f tended to be increased compared with that at 35°C but was significantly increased by ventilation with 25 and 35 cmH 2 O PIP, which increased K f by 2.5-and 4.8-fold, respectively, compared with the baseline K f at 35°C (Fig. 2B) . The W/D ratios were indicative of the edema gained during the experiments. Since previous studies of unventilated lungs indicated a baseline W/D ratio of 4.3 Ϯ 0.07 (49), the lungs gained weight even during low PIP ventilation because of filtration during the increased venous pressures used for K f measurements. W/D ratio increases relative to unventilated lungs were 36, 39, and 78% after low PIP ventilation at 30, 35, and 40°C, respectively. Thus a portion of the lung edema sufficient to increase the W/D ratio ϳ40% from unventilated lungs could be attributed to the perfusion protocol and filtration that occurred during the increased vascular pressure used for the K f measurements, even without an increase in vascular permeability. In high PIP ventilated lungs, the mean W/D increases relative to unventilated lungs were 58, 63, and 95% for the respective temperatures. Although all mean W/D ratios were greater after high PIP than low PIP ventilation, only the high PIP/40°C and the low PIP/35°C groups were statistically different from each other (Fig. 2C) . Since there were no significant differences between the 35 and 30°C groups, we chose target temperatures of 35 and 40°C for subsequent experiments.
VILI in TRPV4 null mice. To determine whether the K f increases induced by high pressure ventilation and heating were initiated by TRPV4 channel activation, we repeated the protocols in TRPV4 Ϫ/Ϫ knockout mice. The temperature-and pressure-induced increases in K f observed in TRPV4 ϩ/ϩ mice were significantly reduced in the TRPV4 Ϫ/Ϫ mouse lungs in all pressure and temperature protocols (Fig. 3, A-D) . The K f in TRPV4 Ϫ/Ϫ mouse lungs was essentially unchanged at 35°C after both low and high PIP ventilation and at 40°C during the low PIP protocol (Fig. 4, A-C (Fig. 3D) . W/D ratios also indicated significantly less lung edema formation in TRPV4 Ϫ/Ϫ mice than TRPV4 ϩ/ϩ mice (Fig. 3E) . Inhibitors of TRPV4 activation pathways. TRPV4 is activated by EETs generated through cytochrome P-450 epoxygenase metabolism from arachidonic acid (39) . We investigated the effects of ruthenium red, methanandamide, and miconazole, which are inhibitors of TRPV4 or its activating pathways. Ruthenium red is an inhibitor of vanilloid TRP channels (TRPV1-6), miconazole is a nonselective inhibitor of cytochrome P-450, and methanandamide is a stable synthetic analog of the endocannabinoid anandamide and a nonselective inhibitor of anandamide metabolizing enzymes (45) . These inhibitors all significantly reduced the K f increases induced by high pressure ventilation and heat (Fig. 4, A and B) . Furthermore, these inhibitors slightly reduced the increase in the lung W/D ratios induced by high airway pressures and heat (Fig. 4E) .
Tyrosine phosphorylation of TRPV4. Since tyrosine phosphorylation of TRPV4 has been associated with activation of the channel (46), the tyrosine phosphorylation state of TRPV4 in lungs with no ventilation, low PIP ventilation at 35°C, and high PIP ventilation at 40°C was determined. Tyrosine-phosphorylated proteins were immunoprecipitated from lung tissue homogenates and membranes immunoblotted for TRPV4. An immunoprecipitation with antibodies in the reverse order was also performed with similar results (data not shown). Figure 5 shows the mean values for phosphorylated TRPV4 obtained in three separate lungs in each of the three groups. Tyrosine phosphorylation of TRPV4 was significantly increased in lungs after low PIP ventilation (2.3-fold) and high PIP ventilation (2.0-fold) compared with unventilated lungs, but there was no statistical difference between ventilation groups. An increased tyrosine phosphorylation of TRPV4 suggests activation of the channel by the mechanical stress of mechanical ventilation. Ca 2ϩ imaging by fluorescence microscopy. To evaluate the Ca 2ϩ response of lung distention caused by high inflation pressures in isolated mouse lungs, we performed ratiometric Ca 2ϩ imaging by the combined dye labeling with fluo-4 and fura red (Fig. 6) . A ratiometric approach was used to correct for thinning of the cytoplasm of alveolar capillary endothelium during lung distention at high airway pressure. Ϫ/Ϫ and ruthenium red-treated mouse lungs may be caused by a reduction of Ca 2ϩ signal due to the thinning of the interstitial tissue or by more rapid photobleaching of fluo-4 compared with fura red.
Assessment of light microscopy and transmission electron microscopy. Results of the morphometric analysis from light microscopy are shown in Fig. 7 . Representative micrographs of lungs from the low PIP/30°C group (Fig. 7, A and C) or high PIP/40°C group (Fig. 7, B and D 
) in TRPV4
Ϫ/Ϫ (Fig. 7, A and  B) or wild-type mice (Fig. 7, C and D) are shown. Mean values for Vc/Vw (Fig. 7E) and Vaf/Vas (Fig. 7F ) obtained using a point-counting strategy are also shown. Detectable edema cuff volumes but minimal alveolar flooding were obtained in both phenotypes after low PIP ventilation at 30°C because of edema formed during the three K f measurements. Alveolar fluid was observed in only 0.3% of the alveolar space in TRPV4
Ϫ/Ϫ mice after 150 min of low PIP ventilation but filled 4.5% of the alveolar space in wild-type mice after the low PIP/30°C protocol. After high PIP ventilation at 40°C, perivascular cuff volume (2.6-fold) and alveolar flooding (2.1-fold) were significantly increased in wild-type mouse lungs compared with those of TRPV4 Ϫ/Ϫ mice. In TRPV4 Ϫ/Ϫ mouse lungs, high PIP ventilation protocols did not affect the Vc/Vw but significantly increased the Vaf/Vas, although these were significantly lower than values obtained in wild-type mice.
DISCUSSION
VILI is a complex syndrome induced by the cellular response to mechanical stress. The syndrome includes a rapid increase in vascular permeability followed by cytokine release and inflammatory cell infiltrates (7, 8, 27) . The rapid onset of the increase in vascular permeability compared with the slower increase in cytokine levels and mobilization of inflammatory cell infiltrates some hours later suggest a rapid intracellular signaling cascade of events (33, 47) . We evaluated the endothelial permeability increases induced by low or high PIP ventilation and heat using gravimetric K f , a rapidly responding and repeatable indicator of transvascular fluid filtration and endothelial hydraulic conductivity in the fully recruited lung (26, 31 ). An increase in endothelial intracellular calcium is a necessary event in the increased permeability induced by numerous receptor ligand-mediated signaling responses (18, 19, 38) . We have previously demonstrated that the increase in vascular permeability due to lung overdistention was blocked by gadolinium, an inhibitor of stretch-activated cation channels (28) . However, the molecular identity of these channels has not been reported previously. In the present study, we observed that the Ca 2ϩ -permeable cation channel TRPV4 is a likely candidate for this stretch-activated cation channel (30) . Calcium entry through TRPV4 was an early determinant of the acute permeability increase in lungs following high PIP ventilation, and TRPV4 was activated by arachidonic acid metabolites and EETs to produce the pulmonary vascular permeability increase in the isolated lungs during mechanical stress. Lung inflation caused Ca 2ϩ increases via TRPV4, which correlated with the K f increases. Both the Ca 2ϩ increase and K f increase were blocked by TRPV4 Ϫ/Ϫ deletion, a TRPV channel inhibitor and inhibitors of arachidonic acid metabolism. The K f increase induced by high pressure ventilation and heat in TRPV4 ϩ/ϩ mice was markedly reduced in TRPV4 Ϫ/Ϫ mice at all ventilation times, ventilation pressures, and temperatures for K f measurement. Therefore, we propose that TRPV4 is the stretch-activated cation channel that initiates lung injury during high volume and pressure ventilation.
The TRPV channels have six transmembrane-spanning segments with a pore loop between segments 5 and 6. These are cation channels with a greater permeability to calcium than sodium (23) . TRPV1-4 have promiscuous gating characteristics and respond to temperature, mechanical stimuli, arachidonic acid metabolites, and other chemical stimuli. TRPV2 and -4 mRNA was expressed in mouse lung (13) , and TRPV4 is present in mouse lung endothelial and epithelial cells and macrophages (3) . Peak gating of TRPV4 with mechanical stretch occurred at the core body temperature of the respective animals, with little response at room temperature (15) . Hypotonic solutions activated TRPV4 by phospholipase A2-mediated formation of arachidonic acid products via the cytochrome P-450 epoxygenase pathway (40) . We have previously implicated calcium entry through stretch-activated cation channels and phospholipase A 2 (PLA2) products in initiating the acute Ϫ/Ϫ and ruthenium red group in same time. #P Ͻ 0.05 vs. frames 1-8 in same group. $P Ͻ 0.05 vs. frames 1-9 in same group. pulmonary vascular permeability increase in response to high PIP ventilation. Parker et al. (28) observed that gadolinium chloride, an effective inhibitor of stretch-activated cation channels, totally blocked the K f increase induced by high PIP ventilation in isolated perfused rat lungs. Yoshikawa et al. (48) showed that mice deficient in Clara cell secretory protein (CCSP), a modulator of cytosolic PLA2 (cPLA2) activity, had an increased susceptibility to acute VILI, whereas inhibition of PLA 2 attenuated lung vascular permeability increases and edema in both CCSP Ϫ/Ϫ and wild-type mice after 2 and 4 h of high PIP ventilation. EETs are arachidonic acid metabolites produced by cytochrome P-450 epoxygenases that possess important vasodilating and anti-inflammatory properties (9) . Arachidonic acid is derived from membrane phospholipids by activation of cytosolic or secreted PLA2. Alternatively, arachidonic acid may be derived from hydrolysis of endocannnabinoids, such as anandamide (arachidonylethanolamide), and by fatty acid amidohydrolases (39) . Watanabe et al. (45) demonstrated that the endocannabinoid anandamide and its metabolite, arachidonic acid, activate TRPV4 via the cytochrome P-450 epoxygenase-dependent formation of EETs. The same group also showed that mechanical activation of TRPV4 by hypotonic cell swelling depended on the formation of arachidonic acid mediated by PLA2, whereas 4␣-PDD and heat activated TRPV4 in a PLA2-and arachidonic acid-independent manner (44) . They also suggested that heat activation of TRPV4 depends on the presence of a yet-unknown endogenous ligand, because a heating stimulus failed to activate TRPV4 channels in inside-out patches of human embryonic kidney (HEK293) cells, even though the patches responded to 4␣-PDD (21) . In the present study, inhibition of TRPV4 (ruthenium red), P-450 epoxygenase (miconazole), or arachidonic acid (methanandamide) attenuated the endothelial permeability increase induced by both high PIP ventilation and heat. These results suggest that TRPV4 activation via arachidonic acid and EETs is a major contributor to acute VILI.
More recent findings have demonstrated a relationship of tyrosine phosphorylation to TRP channel activation. Mutations at positions Tyr 555 in transmembrane segment-3 (TM3) inhibited channel activation by 4␣-PDD and heat (42), whereas Xu et al. (46) also implicated tyrosine phosphorylation of TRPV4 at Tyr 253 as essential for the response to hypotonic stress and proposed involvement of Src family tyrosine kinases in this response. In a previous study in isolated rat lungs, global tyrosine kinase inhibition with genistein attenuated the K f increase following high PIP ventilation (29) . More recently, Miyahara et al. (20) attenuated high PIP-induced increases in K f using a Src family kinase inhibitor. In the present study, we show an increased tyrosine phosphorylation of the TRPV4 protein in both ventilation groups compared with unventilated lungs, but specific phosphorylation sites were not identified. Characterization of specific TRPV4 activation sites in different cell types will be required to fully understand the various gating paradigms.
TRPV4-mediated Ca 2ϩ entry has been implicated in both endothelial cells and the K f response in intact lungs. Vriens et al. (40) reported that the [Ca 2ϩ ] i responses to arachidonic acid, cell swelling, and heat for TRPV4 Ϫ/Ϫ mouse aortic endothelial cells were significantly less than those for the same cells from TRPV4 ϩ/ϩ mice. They proposed that the residual Ca 2ϩ response to arachidonic acid or downstream metabolites of arachidonic acid was due to activation of Ca 2ϩ -permeable channels other than TRPV4, or to possible upregulation of other thermosensitive or osmosensitive channels. Alvarez et al. (3) showed that both 5,6-EET and 14,15-EET increased K f with physiological perfusate but evoked a small increase in permeability in isolated rat lungs, even with 0.02 mmol/l Ca 2ϩ in the buffer. These results suggest that other pathways or channels in addition to TRPV4 may be activated by arachidonic acid via EETs and may augment Ca 2ϩ entry during the endothelial permeability increases. Microscopic assessment revealed that TRPV4 preferentially targeted the alveolar septal microvessels and typically caused endothelial blebs or breaks, whereas store-operated TRP channels targeted extra-alveolar vessels and caused formation of gaps at endothelial cell junctions. Disruption of the septal barrier is more likely to promote alveolar flooding and impair gas exchange than disruption in extra-alveolar vessels (3) . In the present study, TRPV4
Ϫ/Ϫ and TRPV4 ϩ/ϩ had approximately equal cuff volumes of edema and negligible alveolar flooding during low pressure/low temperature ventilation, but TRPV4 ϩ/ϩ lungs had edema cuff volumes that were 2.6 times, and alveolar flooding 2.1 times, that measured in TRPV4 Ϫ/Ϫ lungs after high PIP/high temperature ventilation. It is apparent that the edema due to mechanical strain on both alveolar and extra-alveolar endothelium was greatly attenuated by the absence of TRPV4 channels. Mechanical effects of interdependence and the low perivascular interstitial pressures generated by high lung volumes would be expected to generate high transmural filtration pressures in the extra-alveolar vessels (35) . To the extent that this regional edema reflects local filtration, these studies suggest that TRPV4 plays critical role in mechanical stress-induced endothelial permeability in both alveolar and extra-alveolar vessels.
Yoshikawa et al. (49) previously reported that VILI was related to both ventilation time and airway pressure. Many investigators have demonstrated that high PIP ventilation increases total lung K f (20) , segmental lung K f (32) , bacterial translocation from the lung into the systemic circulation (25) , bronchoalveolar lavage albumin concentration (8) , W/D ratio, inflammatory cytokines (5, 37), and lung myeloperoxidase (48) . Our present study also implicates temperature acting through TRPV4 as a modulator of mechanical injury in the lung (Fig. 1) . Akinci et al. (1) reported that systemic chemokine and cytokine levels were significantly elevated by heating to 41°C of body temperature with 30 cmH 2 O PIP ventilation for 1 h in rat. In contrast, hypothermia during injurious ventilation prevented vascular and epithelial injury and preserved lung mechanics in rats (16) . The present investigation of different temperature effects on K f measurements indicated a greater increase in endothelial permeability at 40 than 35°C but little difference between responses at 30 and 35°C. This suggests a temperature threshold for isolated perfused mouse lungs of C57BL/6 male mice Ͼ35°C. Moreover, K f was significantly increased by high PIP ventilation compared with low PIP at both temperatures. Guler et al. (11) showed that TRPV4 channels mediated heat-evoked currents at temperatures Ͼ27°C in Xenopus oocytes, but that the threshold for TRPV4 activation was ϳ34°C in the HEK293 cells (11) . Although the temperatures entering the lungs were accurately controlled, a small temperature drop across the lung of 2.5 Ϯ 0.1°C in the 35°C group and 3.3 Ϯ 0.1°C in the 40°C group was observed, suggesting that the entire lung may not have experienced exactly the same perfusate temperature. In any case, our data suggest that a fever within a clinically relevant range could sensitize the TRPV4 channel to mechanical gating and augment lung injury due to mechanical ventilation.
To further confirm the role of calcium entry through TRPV4 channels, we measured intravascular calcium concentrations in alveolar vessels using fluorescence microscopy and calciumsensitive dyes. Previous studies using cultured cells demonstrated that endothelial cell membrane stretch induced by hypotonic cell swelling or shear stress induced by solution flow across endothelial monolayers increased intracellular Ca 2ϩ within a physiological range of temperatures (10, 23) . Furthermore, a high vascular pressure increased the mean endothelial [Ca 2ϩ ] i and amplified [Ca 2ϩ ] i oscillations in constant pressure inflated, perfused rat lungs in a GdCl 3 -sensitive manner (12) . However, the Ca 2ϩ increase induced by lung inflation with high airway pressures in ex vivo isolated perfused lungs has not been demonstrated previously. We used two Ca 2ϩ indicator dyes, fluo-4 AM and fura red AM, for ratiometric imaging because increased intracellular calcium causes the fluorescent intensity of fluo-4 to increase but the intensity of fura red to decrease (24) . Ratiometric analysis eliminates artifactual fluorescence changes during attenuation of the fluorescent signal by a reduction in endothelial cell volumes due to stretch of the alveolar capillaries and arterioles during lung inflation (Fig.  7B) (17) . Our finding that the [Ca 2ϩ ] i elevation in inflated lungs of TRPV4 ϩ/ϩ mice was eliminated in TRPV4 Ϫ/Ϫ or ruthenium red-treated mice strongly suggests that lung inflation and alveolar distention provoked Ca 2ϩ entry through TRPV4 channels.
In summary, we have demonstrated that the acute increase in vascular permeability in VILI is strongly associated with Ca 2ϩ entry via TRPV4 evoked by both high pressure ventilation and heat. Therefore, TRPV4 and its transduction pathways may be important therapeutic targets for prevention of VILI.
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